Introduction
Anti-glomerular basement membrane (GBM) disease (also known as Goodpasture's disease/syndrome) is a rare autoimmune disorder characterized by circulating autoantibodies directed to specific antigenic targets within the glomerular and/or pulmonary basement membrane. The anti-GBM disease incidence (0.5-1 case/million/ year) is vastly lower compared to that of other autoimmune kidney diseases, such as antineutrophil cytoplasmic antibodies (ANCA)-associated vasculitis (10-20 cases/million/year) or lupus nephritis (20-100 cases/million/year) [1] . Although rare, anti-GBM disease is often lethal, as most of the patients present with rapidly progressive glomerulonephritis that accounts for up to 20% of acute renal failure [2, 3] . Untreated anti-GBM disease has an almost universally poor outcome with death from renal failure or lung hemorrhage. Even with extensive treatment, kidney damage is irreversible. Thus, patients with severe renal involvement are often left with perma-nent renal failure and face a life of renal replacement therapy. Due to its acute onset, rapid progression, irreversibility and high mortality, anti-GBM disease represents a great challenge in the field of nephrology.
Over the past few years, there has been considerable progress in our understanding of anti-GBM disease. The nature of the autoantigen and its epitopes has been defined as well as the possible pathogenic role played by environmental factors and by cellular and humoral immunity [2, [4] [5] [6] [7] [8] [9] [10] . A large body of evidence indicates that genetics might play an important role in anti-GBM disease. Hence, mapping genes associated with anti-GBM disease could help identify biomarkers or therapeutic targets that could be used to optimize the diagnosis and prognosis of the disease and to develop personalized medicine approaches. Importantly, mapping genes associated with anti-GBM disease could help generate new hypotheses about the disease mechanisms and pathogenesis. In this review, we summarize recent discoveries in the genetics of anti-GBM disease, focusing on results obtained in animal models and in human genetic association studies. We also discuss the significance and limitations of such discoveries. Finally, we suggest that extensive collaboration between investigators and novel integrative approaches are essential for the progress of our understanding of anti-GBM disease. We review the current knowledge on the pathogenesis of anti-GBM disease in a genetic manner, providing partly different but complementary perspectives compared with previous reviews. We hope such perspectives can provide a renewed understanding of anti-GBM disease and further optimize therapy in the future.
Genetics of Anti-GBM Disease
Similarly to many other autoimmune diseases, anti-GBM disease is hypothesized to be triggered in genetically predisposed individuals by some sort of environmental stimuli. There are several pieces of evidence that suggest a genetic component of anti-GBM disease. For instance, it is known that the disease can occur in siblings and sets of identical twins [2] . In addition, studies based on sporadic cohorts indicated a strong positive as well as negative association with specific human leukocyte antigen (HLA) molecules. For instance, HLA-DR15 and HLA-DR4 are positively associated with anti-GBM disease, while HLA-DR7 and HLA-DR1 are negatively associated [11, 12] . The heterogeneity of the symptoms might also reflect a complex genetic background. In fact, although the diagnosis of the disease is always determined by the presence of circulating anti-GBM autoantibodies, histological features of severe crescentic glomerulonephritis and linear IgG deposits on the GBM, the nature and severity of the symptoms and involved organs vary significantly among patients. Symptoms range from normal renal function to rapidly progressive glomerulonephritis, and in some cases the disease can extend to other organs developing into a systemic disorder [4, 13] .
As in other complex autoimmune disorders, immune dysregulation that makes a genetically predisposed individual develop anti-GBM disease can occur at multiple levels. Immune dysregulation could result from a breach in central and peripheral tolerance, amplification of the autoimmune response, and local processes in the target organ that facilitate end-organ disease. Individual genotypes can affect one or more components of the adaptive or innate immune systems, eliciting an altered immune response to self antigens. The precise mechanisms of the breakdown of immune tolerance are unclear and the existing hypothesis may oversimplify the molecular events that lead to anti-GBM disease. In contrast, the mechanisms by which immune responses to autoantigens cause organ damage are relatively well described. Thus, in this review, we will discuss the advances in the genetics of anti-GBM disease focusing on the following aspects: presence of autoantigen and antigen presentation, humoral immunity (autoantibody, Fc receptors and complement), cellular immunity (mainly T cell), and downstream molecular pathways that facilitate end-organ damage.
Autoantigen and Antigen Presentation
As the anti-GBM autoantibody has been a main focus in the past few years, the target autoantigen in anti-GBM disease has been identified as the ␣ 3 chain non-collagen 1 domain of type IV collagen [ ␣ 3(IV)NC1]. Two conformational epitopes of anti-GBM autoantibodies have been defined as E A and E B [14] . In a study performed on 15 patients, no mutations were found by direct sequencing exons 48-52 of the COL4A3 gene, which encodes ␣ 3(IV)NC1 [15] . Similarly, in a rat model of anti-GBM disease, no linkage between disease susceptibility and rat COL4A3 gene was found [16] . These data suggest that alterations of the amino acid sequence translated by the COL4A3 gene are not a major factor in the disease etiology, but may represent pathogenic conformational change [10] . Vanacore et al. [17, 18] suggested that E A and E B , as cryptic B cell epitopes, were enclosed in the quaternary structure of the hexamers created by sulfilimine crosslinks between the trimers of adjacent NC1 chains; dissociation of the NC1 hexamers and exposure of the pathogenic epitopes on the ␣ 3 and ␣ 5 chains may be the inciting event that leads to the production of the anti-GBM autoantibody [10] . This concept further advances our understanding of the conformational nature of the epitopes of anti-GBM disease [19] . But how these conformationdependent epitopes are initiated is still obscure. As suspected, the triggering event may be an individual factor or a combination of factors, i.e. genetic susceptibility, posttranslational modifications, epitope spreading and environmental factors. If there is a contribution of genetic susceptibility, genetic polymorphisms influencing conformation of an epitope, rendering it susceptible to autoantibody binding, may need to be addressed.
As the T cell epitope was reviewed by Ooi et al. [6] and the only human T cell epitope mapping study to date gives a somewhat different result, we will not extensively discuss this here.
Major histocompatibility complex (MHC) molecules are required for the presentation of (auto-)antigens to T cell receptors. The process of antigen presentation is exquisitely regulated by the level of MHC molecule expression and by the specific MHC alleles expressed. This is likely to be a major mechanism by which HLA molecules regulate the peripheral T cell repertoire and overall T cell immune responsiveness in a given individual. Genetic defects in self-tolerance can be caused by reduced or altered expression of MHC molecules [20] . Similarly to many other autoimmune diseases, genes within the MHC on the short arm of chromosome 6p21.3 exhibit a strong association with the risk of anti-GBM disease [11, 12] . The genetic association with anti-GBM disease among different populations has previously been linked to MHC class II genes, especially with the HLA-DRB1 * 1501 allele [11] . Although HLA-DRB1 * 1501 is strongly associated with anti-GBM disease, we must be cautious in defining it as a molecular biomarker for the following reasons:
• Nonrandom association or linkage disequilibrium (LD) exists in the inheritance of alleles at multiple loci within the MHC [21] . The extended haplotype homozygosity analysis for recent positive selection shows that all 14 outlying haplotype variants map to a single extended haplotype that most commonly bears HLA-DRB1 * 1501. Such tight segment-to-segment LD can pose an important obstacle in MHC research: if a disease association with HLA-DRB1 * 1501 was found, it may not be possible to determine whether the variant HLA-DRB1 * 1501 is causal or whether its association simply reflects LD with the truly causal variation.
• Some of the genes within the MHC (such as the classical class I genes, HLA-A, -B, and -C and the classical class II genes, HLA-DRB1, -DQA1, and -DQB1) exhibit extensive variability, and consequently require typing strategies that are both labor-and time-intensive. Indeed, HLA-DRB is the most polymorphic gene in the human genome, though as of yet insufficiently investigated.
• The mechanism underlying MHC association with autoimmune diseases is not clearly understood. One long-held view suggests that the breakdown of immunological tolerance to autoantigens can be due to aberrant class II presentation of self or foreign peptides to autoreactive T lymphocytes. Thus, it seems likely that specific MHC class II alleles could be involved in the presentation of particular autoantigens resulting in disease-specific associations. However, the HLA-DRB1 genetic polymorphisms, collectively termed the 'shared epitope' (HLA-SE), and HLA-DRB1 * 1501 have been associated with numerous autoimmune diseases. Thus, the association with HLA-DRB1 * 1501 is not specific for anti-GBM disease [20, 22] . In addition, DR * 15 exhibits a lower affinity to ␣ 3(IV)NC1 peptide when compared to DR1 and DR7, which are negatively associated with anti-GBM disease [23] .
• Most studies of MHC association published to date are relatively small in sample size, each testing a limited number of variants using a variety of typing methodologies. Interpretation of the results is therefore very difficult. Thus, it is not surprising that another association with HLA genetic variations, except HLA-DRB1 * 1501, can hardly be replicated. The underpower to detect the moderate effect of common variants is the biggest problem in the current genetic studies of anti-GBM disease.
• Although a strong association exists between anti-GBM disease and HLA-DRB1 * 1501, this allele is also common in healthy populations. In light of all these considerations, we suggest HLA as an important susceptibility genetic locus to anti-GBM disease, but we should be prudent before introducing HLA-DRB1 * 1501 into the clinical practice as a diagnostic tool. Future studies should complete a fine mapping of the MHC region in anti-GBM disease and investigate the precise molecular basis of MHC association with the disease.
Autoantibody, Fc Receptor for IgG (Fc ␥ R) and Complement
A large body of evidence supports the role of autoantibodies in the pathogenesis of anti-GBM disease (regardless of their titer, avidity, or isotype) [24] [25] [26] [27] . It was suggested that the pathogenic antibodies were not encoded by a unique subset of genes and that normal individuals have the capacity to produce them [28] . The presence of autoantibody and/or subsequent tissue deposition of immune complexes (IC) are thought to cause organ lesions. Likely, the receptors involved in autoantibody/IC-mediated damage are Fc ␥ Rs. Data from Fc ␥ R gene knockout mice indicate an uncoupling linkage between IC formation and kidney damage [29] . Fc ␥ R common ␥ chain gene knockout mice present no significant change of serum total immunoglobulin, IgG isotype and specificity, and IC deposition in kidney, but the severity of kidney disease is significantly reduced compared to wild-type mice. Such an uncoupling phenomenon suggests an important role of Fc ␥ R in the effector response of autoantibodies in anti-GBM disease. In immune response signaling, Fc ␥ RIIB is the sole inhibitory receptor in the Fc ␥ R family [30] [31] [32] . Studies performed on genetargeted mice lacking specific Fc ␥ R (activating or inhibitory Fc ␥ R) have demonstrated different susceptibility to anti-GBM disease. Fc ␥ RIIB-deficient mice can develop anti-GBM disease upon immunization with type IV collagen, whereas activating Fc ␥ Rs-deficient mice are protected from IgG-mediated glomerulonephritis [33, 34] . Studies of transgenic mice further reinforced the idea that Fc ␥ Rs play independent roles in the pathogenesis of the disease [35] . Although results obtained in mouse models can provide important insights into human immune function and disease, they require careful validation. This is because there are many known immunological differences between these two species, and because the Fc ␥ R gene family is more complex in humans than in mice. For instance, Fc ␥ RIIA and Fc ␥ RIIIB are present only in humans; consequently, data based on mouse myeloid cells may not have taken into consideration signaling pathways mediated by these two receptors. In addition, the complexity of the FCGR gene family does not only lie in its high sequence homology between FCGR genes but also in different genetic variations, including single nucleotide polymorphism (SNP) and copy number variation (CNV). Of note, CNVs were observed for FCGR2C, FCGR3A and FCGR3B in humans but not in the mouse Fc ␥ R gene locus. Allelic variants of FCGR2A-131H/R (rs1801274), FCGR2B-232I/T (rs1050501), FCGR3A176F/V (rs396991) and FCGR3B NA1/2 have been reported to be associated with various autoimmune diseases [30] [31] [32] . We previously provided a set of preliminary data supporting a role of genetic variations of the FCGR gene family in the risk of anti-GBM disease [36, 37] . Specifically, in a Chinese cohort, we found an association of FCGR2B-232T (rs1050501) and FCGR3A CNV with susceptibility to anti-GBM disease. In the FCGR2B, a nonsynonymous T to C transition in exon 5, 232I/T (rs1050501) results in the substitution of a threonine for isoleucine at position 232 within the transmembrane domain of Fc ␥ RIIB. FCGR2B-232T is unable to inhibit activating receptors because it is excluded from sphingolipid rafts, resulting in an unopposed proinflammatory signaling [38] . Based on these observations, we speculated that FCGR2B-232T may be a variant able to promote anti-GBM disease. Copy variation of FCGR3A might represent another susceptibility factor in anti-GBM disease. Deletion of the mouse activating receptor FCGRIV (analogous to the human FCGR3A) protected mice from developing accelerated anti-GBM disease [34] , while in humans more copies of FCGR3A may alter phenotypes by dosage effect (more copies along with higher gene expression can lead to greater activating effects) [39] . Although these results are interesting, one should keep in mind the following considerations while interpreting them:
• The FCGR gene family exhibits great genetic heterogeneity. The frequency of gene variants in different populations fluctuates substantially; for example, FCGR2B-232T/T exhibits 1% homozygosity in Caucasians but 5-11% homozygosity in Africans and Southeast Asians [32] . The association between FCGR2A-131R and lupus was more affirmative in Caucasians, whereas the association between FCGR2B-232T and lupus was more prominent in Asian populations. In addition, the association between the low copy number of FCGR3B and lupus has been confirmed in the Caucasian population but not in three different cohorts of the Chinese population [40] [41] [42] . Whether the above inconsistencies reflect a population-specific effect, insufficient power due to limited sample size, or poor genotyping methodology [43] (due to high sequence homology among FCGR genes and/or CNV as discussed below) remains to be determined.
• Although Fc ␥ Rs might play a role in the pathogenesis of a systemic autoimmune disease, their precise role in human anti-GBM disease remains unclear. Functional studies are still lacking due to the rarity and sever-ity of the disease. The correlation between genotype and definite phenotype should also be addressed.
• The involvement of SNP and CNV in the disease pathogenesis is not totally overlapping. It was reported that SNPs and CNVs captured 83.6 and 17.7% of the total detected genetic variation in gene expression, respectively, but the signals from the two types of variation had little overlap [44] . The presence of CNV might lead to skewing of the genotype frequencies by causing genotyping errors. For example, one copy of FCGR3B may lead to mistyping of FCGR3B NA1/null as homozygous NA1/NA1 or three copies of FCGR3B may lead to mistyping of FCGR3B NA1/NA1/NA2 as homozygous NA1/NA1 or heterozygous NA1/NA2. In addition, so far there is no best method to detect complex CNVs [43] . Thus, it is important to integrate different genetic variations in genetic association studies on anti-GBM disease. Further additional studies are warranted, including studies on larger sample size with the same genetic background as well as validation studies in populations with a different genetic background. Also functional assays, conducted on a sufficient number of subjects with different genotypes, are needed; targeting specific FCGR gene variation or mutation will allow elucidation of concrete mechanisms. Besides Fc ␥ Rs, ICs can also activate complement components. Activation of the complement system involves participation of a large number of plasma proteins including C1q, C1r, C1s, C2 through C9, factor B, factor D, and properdin. Upon IC deposition, three complement pathways (classical, alternative and lectin pathways) can be activated. The role of the complement in systemic autoimmune diseases, including anti-GBM disease, has recently been reviewed by Chen et al. [45] . Studies conducted on Fc ␥ R knockout mice reached conflicting conclusions on the role played by the complement: some studies indicated no participation [29, 46] , while others indicated a protective [47, 48] or a detrimental role [49, 50] . A recent study conducted in mice suggested that it is the classical pathway, rather than the lectin pathway, which plays a significant role in anti-GBM disease [50] . Interestingly, the alternative pathway is important in mice deficient in the classical pathway (C1q -/-mice) or in the classical and the lectin pathways (C4 -/-mice) [50] . These inconsistent results may be due to different mouse models showing different severity of renal damage. Any factors involved in the ongoing process of disease progression, such as degree, time span, isotype, and the species origin of the IgG, can influence the disease severity. For instance, complement activation is obligatory when the levels of auto-IgG are high [49, 50] . Further analysis of the contribution of the complement in the process of anti-GBM antibodymediated renal damage in mice, as well as in humans, is needed.
T Cell-Mediated Immunity
Although autoantibodies have been the major focus of studies investigating effector mechanisms in anti-GBM disease, several lines of evidence have implicated that also cell-mediated immunity (especially CD4+ T cells and CD8+ T cells) plays a role in anti-GBM disease [51, 52] . In rats, anti-GBM disease can be induced simply by transferring ␣ 3(IV)NC1-specific CD4+ T cells, suggesting a pathological role of such cells [51] . On the other hand, the observations that anti-CD8 monoclonal antibodies reduce disease severity, and the fact that antigen-specific CD8+ clones have been isolated from patients with anti-GBM disease, support the importance of CD8+ T cells in the pathogenesis of the disease [52] . More recent studies emphasized the role of invariant natural killer T (iNKT) cells and of the Th17 subset in anti-GBM disease [53, 54] . iNKT cells function as innate effector cells: by rapidly releasing large amounts of effector cytokines and chemokines, they play an important role in modulating immune responses. It has been observed that after injection of anti-GBM serum, the number of kidney iNKT cells rapidly increases. In addition, iNKT cell-deficient mice (J a 18 -/-) injected with anti-GBM serum demonstrate worse renal function, more proteinuria, greater injury of glomeruli as well as tubules, and lower expressions of TGF-␤ and TGF-␤ -induced genes compared with similarly treated wild-type mice [54] . Th17 cells are a subset of CD4+ T cells that produce the proinflammatory cytokine IL-17. Mice deficient in IL-23, which is important for the maintenance of Th17 cells, are protected from anti-GBM disease, exhibiting lower autoantibody titers, reduced cellular reactivity, diminished cytokine production [IFN-␥ (Th1), IL-17A (Th17), TNF, and monocyte chemoattractant protein 1], and decreased glomerular IgG deposition [53] . Notwithstanding these results, the genetic linkage between anti-GBM disease and T cellmediated immunity remains obscure. Genetic studies targeting variants in genes codifying for costimulator molecules, signaling molecules and related cytokines may provide further clues for elucidating the mechanism of T cell-mediated immunity in the pathogenesis of anti-GBM disease.
End-Stage Organ Failure and Kallikrein System
It has long been known that anti-GBM disease induced in mice (experimental anti-GBM antibody-induced glomerulonephritis) is somewhat strain specific [55] . The strain differences cannot be solely attributed to differences in systemic immune responses. Renal intrinsic processes may also contribute to the observed strain differences. A microarray-based transcriptomic analysis of the renal cortex obtained from 3 experimental antibody-induced glomerulonephritis-sensitive strains and 2 control strains revealed a significant fraction of underexpressed genes that distinguishes the nephritis-sensitive strains from the control strains. Such genes belong to the kallikrein (KLK) gene family [56] . Kallikreins constitute a multigene family of serine esterases with a wide spectrum of biological functions, including regulation of inflammation, apoptosis, redox balance, kidney fibrosis, and local blood pressure. Emerging evidence suggests that many kallikreins are implicated in the pathogenesis of different diseases, such as essential hypertension, intracranial aneurysms, end-stage renal disease, and cancer [57] . Liu et al. [56] had provided data that suggest a protective role for kallikrein in animal models of anti-GBM disease and lupus nephritis, and an association of human lupus nephritis with kallikrein 1, 3 (KLK1, 3). Such pieces of evidence for a protective role for kallikrein in end-stage organ failure and autoimmune diseases support the concept of shared genetics between anti-GBM disease and lupus nephritis, and go against the belief that anti-GBM disease is radically different from other autoimmune diseases, i.e., anti-GBM disease is a somewhat organ-specific autoimmune disease that rarely relapses or coexists with other autoimmune diseases. Although these findings are very important, they should be replicated before they can be deemed valid [56, 58] . Furthermore, the association of the KLK gene family with anti-GBM disease should be directly examined in human patients, not only in animal models. Other pathways involved in target organ lesion, such as renin-angiotensin system, inflammatory cascades are warranted to be checked in human anti-GBM disease.
Future Directions
Although there has been considerable progress in our understanding of human anti-GBM disease, more studies need to be done. In this context, genetic studies are important not only because they help identify genetic variability associated with anti-GBM disease, but also because they help elucidate pathological mechanisms while providing diagnostic tools and clues for therapy optimization. Over the last year, new genes have been associated with anti-GBM disease. Specifically, in addition to HLA genes, genes of FCGR and KLK families have been found to modulate the susceptibility to the disease [36, 37, 56, 58] . These recent findings reinforce the concept of the complexity of anti-GBM disease and emphasize the importance of investigating biologically relevant pathways [59] . Since the rarity of the disease limits the number of studies that can be conducted in humans, inter-or intranational and interdisciplinary collaborations will be tremendously important to the progress of our understanding of the genetics of anti-GBM disease.
Novel integrative approaches will also be crucial for the progress of our understanding of anti-GBM disease. Such approaches may include:
• Learning lessons from other autoimmune diseases . Anti-GBM disease has long been used as a model to study immunological aspects of other autoimmune diseases [6] ; reciprocally, other autoimmune diseases may provide important clues to the genetics of anti-GBM disease. The recent and reliable data from genome-wide association studies would be particularly insightful in identifying genetic risk variants. Such a strategy has been successfully applied in lupus and ANCA-associated systemic vasculitis. Although difficult, a hypothesis-free genome-wide association study strategy will be an important way to look for novel pathways involved in the pathogenesis of anti-GBM disease and to validate existing data [59, 60] .
• Integration of SNP, CNV and deep sequencing data for fine mapping and discovering individually rare variants. The difficulty to discover susceptibility genes or responsible variants within associated genetic regions and the insensitivity to rare variants and structural variants in previous genetic studies emphasize the necessity of integrating SNP, CNV and deep sequencing data for fine mapping. Under the 'common variants/ multiple disease' hypothesis, most of the risk alleles identified for various complex diseases are common with small effect sizes (odds ratio ! 1.5). Thus, the acquired data can account only for a small proportion of heritability. It is speculated that identifying more penetrant alleles with larger functional effects will provide a potentially valuable path towards further discoveries [61] .
• Expression quantitative trait loci mapping and transcriptome sequencing. Such approaches may provide more functional genetic information. The abundance of a gene transcript can be directly modified by polymorphisms in regulatory elements [62] . Consequently, transcript abundance might be considered as a quantitative trait that can be mapped with considerable power. Recent data suggest that tissue-specific patterns of gene expression are highly inherited. Systematically generated expression quantitative trait loci information could provide immediate insight into a biological basis for disease associations and could help identify networks of genes involved in the disease pathogenesis.
• Integrating genes, environment and epigenetic factors .
It is known that environmental factors (e.g. infective agents, hydrocarbon exposure, lithotripsy, urinary obstruction, and cigarette smoking) may play a role in triggering anti-GBM disease. However, it is still unclear how and if environmental stimuli interact with inherited factors. A few studies have successfully found links between environment and genetics. For instance, a link has been found between HLA-DRB1 * 1501, vitamin D and multiple sclerosis [22] , while another one has been found between HLA-DRB1 * 1501, PTPN22, smoking and rheumatoid arthritis [63] . Links between genes and environmental factors might help define the precise etiology of anti-GBM disease and may be useful for designing effective disease prevention.
Conclusion
In this review, we attempted to summarize the current knowledge on the pathogenesis of anti-GBM disease by providing different but complementary perspectives. Results from ongoing studies on the genetics of human anti-GBM disease will improve our understanding of the pathogenesis of the disease and will help optimize targeted therapy. Such a genetic approach will surely provide insights into the processes that regulate autoimmunity and may be adopted to study other autoimmune kidney diseases.
